The pancreas is essential for digestion and glucose homeostasis.
and Melton, 1999) . Upon the appropriate inductive signals, two pancreatic anlaga bud from the gut endoderm into the surrounding splanchnic mesoderm (Pictet et al., 1972) . As these buds grow, they rapidly form new protrusions, leading to a highly branched structure. These two primitive outgrowths develop independently, forming both endocrine and exocrine tissues, and finally merge to form the pancreas. In the developing pancreas, a subset of cells adjacent to the nascent pancreatic duct has been identified as progenitor cells for the pancreatic islets. These progenitor cells actively proliferate, then differentiate through a series of maturation steps as they migrate away from the duct to finally aggregate into mature, properly organized islets. The identity of the endocrine progenitor cells remains elusive and is the object of active research by both academic and pharmaceutical scientists. Overall, the development of the pancreas appears as a complex process involving many factors whose identities and functions are now being uncovered.
Several transcription factors from the homeodomain, basic Helix-Loop-Helix (bHLH), and winged-helix families have been identified to play a role at various stages or decision branchpoints of pancreas development. These include Islet 1, PDX 1, Pax4, Pax6, Nkx2.2, Nkx6.1, HB9, and hepatocyte nuclear factor (HNF)6 in the homeodomain family (Ahlgren et al., 1996 (Ahlgren et al., ,1997 Gannon et al., 2000; Harrison et al., 1999; Jacquemin et al., 2000; Jonsson et al., 1994; Li et al., 1999; Offield et al., 1996; Sosa-Pineda et al., 1997; St-Onge et al., 1997) ; HNF3a and HNF3P in the winged-helix family (Ang and Rossant, 1994; Kaestner et al., 1999; Weinstein et al., 1994) ; and BETA2, Neurogenin3 (NGN3), ~48, and hairy and enhancer of split 1 (HESl) in the bHLH family lshibashi et al., 1995; Jensen et al., 2000b; Krapp et al., 1998; Naya et al., 1995 Naya et al., ,1997 . Among these, PDXl, NGN3, and HESl seem to interact, physically or functionally, with BETA2, in a direct or indirect manner. Since it is beyond the scope of this chapter to discuss or dissect the role of other transcription factors involved in pancreas development, readers are invited to consult recent reviews (Bramblett et al., 2000; Edlund, 1998 Edlund, ,1999 .
I. PDXl
PDXl -a homeobox gene also known as IPF-1, STF-1, IDX-1, and XlHbox8 -was shown to be involved in islet hormone gene transcription and expressed in pancreatic tissue during development and in the adult (Guz et al., 1995; Leonard et al., 1993 ; Miller et al., 1994; Peshavaria et al., 1994; Serup et al., 1995) . During embryonic development, PDXl is expressed in a domain that includes the pancreatic buds and expands from the antral part of the stomach to the proximal duodenum (Ahlgren et al., 1996; Guz et al., 1995; Jonsson et al., 1995; Offield et al., 1996; Serup et al., 1995) . As differentiation proceeds, PDX 1 expression is progressively restricted to p cells and some 6 cells. In mice and humans harboring a defective mutation of PDXl, the pancreas is absent (Jonsson et al., 1994; Offield et al., 1996; Stoffers et al., 1999) . This dramatic phenotype suggests that PDXl is required for the proliferation and differentiation of the presumptive pancreatic epithelium from the foregut. Studies in PDXl-'-mice indicated that both insulin-and glucagon-producing cells are present in the pancreatic buds, suggesting that regulation of the insulin and glucagon genes is complex and requires many factors besides PDXl (Offield et af., 1996) . In order to study the role of PDX 1 in adult mice, the PDX 1 gene was specifically disrupted in p cells by using the CRE-LoxP system under the control of the insulin promoter (Ahlgren et al., 1998) . PDXl was shown to be required for the maintenance of p cells and to positively regulate insulin expression (Ahlgren et al., 1998) . Overall, in addition to its early involvement in the patterning of the pancreatic primordia, PDX 1 appears to participate in the regulation of insulin gene expression in mature pancreatic l3 cells.
Neurogenin 3
The neurogenins (NGNs) are bHLHs of the Atonal subfamily, an important pro-neural gene in Drosophila. Consistent with such a role, targeted ablation of NGN 1 or NGN2 results in the absence of specific neurons (Fode et al., 1998,200O; Ma et al., 1996 Ma et al., ,1998 Ma et al., ,1999 Perez et al., 1999) . NGN3 -also named Math4B or Relax -is specifically expressed during embryogenesis in the pancreas, the developing neural tube, and the hypothalamus . In the developing pancreas, NGN3 expression can be observed very early in a speckled pattern (e9.0 in the mouse, i.e., when pancreatic buds are starting to form). These cells have been considered to represent pancreatic islet progenitors Schwitzgebel et al., 2000) . Consistent with this idea, NGN3 expression is transient in the developing pancreas; increasing levels of NGN3 are observed from e9.5 to e 15.5 and decline thereafter. Interestingly, BETA2 expression is superficially similar to NGN3, suggesting a possible regulation of BETA2 by NGN3 ( Figure  1 ) . Indeed, NGN3 expression is restricted to a subset of proliferating cells associated with the nascent duct epithelium and mostly overlaps with those of the early islet differentiation factors PDXl, Nkx6.1, and Nkx2.2 (Jensen et al., 2000a; Schwitzgebel et al., 2000) . Interestingly, targeted disruption of the NGN3 gene results in a total loss of pancreatic endocrine cells, highlighting the crucial role played by NGN3 in pancreatic islet cell formation . Furthermore, in a gain-of-function study, NGN3 induced premature differentiation of pancreatic precursor cells into endocrine cells, to the detriment of the exocrine tissue when ectopically expressed in the pancreatic bud under control of the PDX 1 promoter (Apelqvist et al., 1999; Schwitzgebel et al., 2000) . These results are consistent with the pro-endocrine role of the NGN3 gene ( Figure  1 ) and are compatible with the pro-neural function of Atonal in Drosophila. In lateral inhibition, signaling requires direct cell-cell contact. Notch signaling is pivotal for lateral inhibition to operate. In a homogenous cell population, there may be small variation in the concentration of ligands and receptors among cells. The initial changes are amplified, so that the cell adopting one fate (e.g., endocrine) expresses high levels of ligand and low levels of receptor, while the neighboring cell that takes another fate (e.g., ductal epithelial or progenitor) expresses low levels of ligand and high levels of receptor.
HESI
Hairy, otherwise known as enhancer of split-l (HESl), is a bHLH protein that encodes a transcriptional repressor, which generally antagonizes positive bHLH proteins such as Mash1 (Guillemot, 1999) . HESl is important for normal embryonic development. Deletion of the HES 1 locus in mice results in embryonic death (Guillemot, 1999; Ishibashi et al., 1995) . Many defects are observed and include a small pancreas and the lack of brain, eyes, and thymus. The neuronal phenotype was attributed to a depletion of precursor cells due to premature differentiation. The proneural gene Mash1 was upregulated in neuronal precursor cells, which suggests a potential role of HESl in the control of positive bHLHs such as Mashl. In analogy to the phenotype observed in the brain, the develop-ment of the pancreas is perturbed and premature differentiation of endocrine precursor cells also is observed (Jensen et al., 2000b) . HESl is expressed in PDXl -expressing ductal epithelial cells at e12.5 and also in the adjacent mesenchymal cells (Jensen et al., 2000b) . In HESl-'-embryos, the expression of NGN3 and BETA2 is upregulated in endoderm-derived tissues such as the stomach and intestine. Similar studies were not performed with pancreatic tissues due to the severe disruption of normal pancreatic structure in HESl-'-embryos. Nevertheless, the HESl pancreatic phenotype is likely to involve the NGN3-BETA2 pathway (Figure l ), as will be discussed.
HES-1 is an important mediator of the Notch signaling pathway, which plays a pivotal role in lateral inhibition, a mechanism mediating asymmetric signaling between adjacent cells (Jarriault et al., 1995,199s) . The lateral inhibition model supposes, in the simplest example, a group of equivalent cells expressing both the receptor Notch and the ligand Delta. Notch-Delta interaction leads to Notch activation by its proteolytic cleavage and release of the Notch intracellular domain, which associates with the DNA binding protein RBP-JK, and the transcription of genes such as HESl. HESl then represses downstream target genes such as the neurogenins as well as the Notch ligand Delta. Consequently, due to normal variation in expression among cells, a cell that produces more ligand will cause its neighbors to produce less. This enables the cell to increase its ligand production even further because it receives a weakened inhibitory signal from its neighbors. The effect of this feedback loop is to drive neighboring cells into distinct cell fates; any initial difference between them is intensified and maintained.
In the pancreas, most epithelial cells express both Notch1 and Notch2, while Notch3 is detected in endothelial cells (Apelqvist et al., 1999; Jensen et al., 2000b; Lammert et al., 2000) . The ligand Delta-like I is detected in scattered ductal epithelial cells, which suggests a potential role for it as a determinant of cell fate (Lammert et al., 2000) . Other experimental models have implicated the lateral inhibition mechanism in the pancreas (Figure 1) . Indeed, knockout of important players of the Notch signaling pathway -such as the Delta-like gene I, the intracellular mediator REIP-JK, and the repressor HESl -will lead to an accelerated differentiation of pancreatic endocrine cells and the subsequent depletion of the pancreatic precursor pool (Apelqvist et al., 1999; Jensen et al., 2000b) . In addition, expression of a dominant-negative form of Notch3 in ductal epithelial cells showed a similar premature differentiation phenotype (Apelqvist et al., 1999) . This phenotype is associated with an increase of the expression of positive regulators of endocrine cell lineage such as NGN3 and BETA2, suggesting that the overexpression of NGN3 and BETA2 should result in a similar phenotype. Indeed, overexpression of the activators NGN3 and BETA2 in ductal epithelial cells induces premature endocrine differentiation by depleting the initial pool of endocrine cell precursors (Apelqvist et al., 1999; Schwitzgebel et al., 2000) .
Taken together, these results indicate an important role for the Notch signaling pathway in pancreatic development.
II. Molecular Biology of BETA2
A. CLONING OF BETA2
Most of the transcription factors discovered to play a key role during pancreatic development have been initially characterized as factors involved in the regulation of pancreatic hormone gene expression. This reverse genetic approach has been used successfully as a paradigm to clone transcription factors acting in the pancreatic differentiation process (e.g., BETA2) by our group, after many years of intense classical molecular biology research. The insulin promoter RIPE3 DNA element was identified by us and others as an important DNA element for insulin gene transcription (Crowe et al., 1988; Crowe and Tsai, 1989; Hwung et al., 1990; Robinson et al., 1994; Shieh and Tsai, 1991) . The RIPE3 element consists of two cooperative subelements, RIPE3a and RIPE3b. Further examination of the RIPE3a sequence revealed a close resemblance to the consensus DNA element E-box, a known target of the bHLH family of transcription factors. In addition, RIPE3a binding activity is detected by gel-shift assays in insulin-expressing but not in nonexpressing cell lines (e.g., the hamster insulinoma cell line HIT vs. the kidney-derived cell line BHK) (Shieh and Tsai, 1991) . Thus, the factor that binds to the RIPE3a element appears to be present only in insulin-producing lines. Taken together, these observations indicated that a tissue-restricted transcription factor of the bHLH family was a likely candidate for the RIPE3a binding activity.
The bHLH family of transcription factors is a very-well-conserved protein family with members present from yeast to higher eukaryotes. Most bHLH proteins bind to the consensus sequence CANNTG (Blackwell et al., 1993; Blackwell and Weintraub, 1990; Murre et al., 1989a) . Three-dimensional studies of bHLH proteins have revealed the presence of two conserved helices separated by a loop or spacer region (Ellenberger et al., 1994; Ferre-D'Amare et al., 1993 Ma et al., 1994) . The basic region of bHLH factors is located N-terminal of the first helix and is required to interact with the DNA (Murre et al., 1989b; Voronova and Baltimore, 1990) . The dimerization interface involves both helices 1 and 2 and is stabilized by van der Waals interactions and hydrogen bonds.
The bHLH family of transcription factors can be divided into three classes. The first, class A bHLHs, generally are characterized by an ubiquitous tissue distribution and an ability to bind DNA as homodimers or heterodimers with class B members. The class B factors are tissue specific and bind DNA as a heterodimer with a class A member. The class C proteins are characterized by a leucine zipper motif located C-terminal to the bHLH. The latter class seems to dimerize via the leucine zipper and thus does not interact with either class A or B. The tissue-restricted class B bHLHs are believed to play important functions as developmental regulators. Hence, they are involved in the morphogenesis of various organs, ranging from muscle formation, with the MyoD family, to neurogenesis, with the Atonal and Achaete-Scute family.
Taking advantage of the requirement of class B or tissue-specific bHLH factors to dimerize with class A members, a modified yeast two-hybrid system was used to clone the RIPE3a binding activity (Naya et al., 1995) . The ubiquitous bHLH E47 without the activation domain was chosen as the bait, since it was previously shown to be present in the RIPE3a complex. The library was derived from the insulinoma HIT cell line, where the RIPE3a activity can be detected. A clone was selected and named BETA2. The same protein was cloned as an interacting partner of the ubiquitous Drosophila bHLH Daughterless using a very similar yeast-based assay (Lee et al., 1995) . This clone was termed NeuroD for its ability to induce neuronal differentiation when ectopically expressed in ectodermal cells. For the purpose of simplicity, the BETA2 nomenclature is used here, since this review is focused on the pancreas.
B. BETA2
As deduced from the cloned cDNA sequence, the hamster BETA2 encodes a 42kD-protein of 355 amino acids with a bHLH domain located between residues 100 to 155. In addition to its restricted expression pattern (see below), the presence of a characteristic tyrosine in the second helix indicates that it belongs to the class B subfamily. Sequence alignment of BETA2 proteins from different species reveals an overall strong homology between mouse, rat, human, chicken, frog, and zebrafish protein sequences (Figure 2 ). BETA2 is highly homologous to NeuroD-related factor (NDRF2), NexVMath2, and NGNUNDF3 (Figure 3) . Interestingly, these all have a very-well-conserved loop sequence (CYSKTQ) that could potentially define them as a subgroup (Figure 3) .
Like most class B bHLHs, BETA2 has no DNA binding capacity by itself but is strongly stimulated by heterodimerization with class A bHLH proteins (e.g., E47). In the insulin promoter, the RIPE3 mini-enhancer is composed of binding sites for multiple proteins, including BETA2 and PDX 1. Synergistic activation of this mini-enhancer is observed between BETA2 and PDX 1. The molecular mechanism for this effect recently was reported and involved the direct interaction of BETA2 and PDXl via the bHLH domain of BETA2 and the homeodomain of PDXl (Glick et al., 2000; Ohneda et al., 2000) . In addition, PDXl is able to interact with other bHLH proteins, including the ubiquitous E47 (Ohneda et al., 2000; Poulin et al., 2000) . This interaction does not result in cooperative DNA binding between bHLH proteins and PDXl but rather in a clustering of multiple transcriptional activators, which enhance transcription by interacting with coactivators and the basal transcriptional machinery.
Indeed, BETA2's transactivation potential is stimulated by the presence of the coactivator ~300 or CREB binding protein (CBP) (Mutoh et al., 1998; Qiu et al., 1998; Sharma et al., 1999) . Two activation domains (AD1 and AD2) were identified C-terminal of the bHLH domain (Figure 4) . The AD1 located within amino acids 189 to 299 is more active than the AD2 (aa 300 to 355). The two ADS do not appear to synergize with each other; rather, they seem to act independently. The activity of both ADS correlates with their ability to interact with the coactivator ~300. The bHLH domain of BETA2 also was reported to interact with ~300, while no other region of BETA2 -including the C-terminal region -was able to interact with ~300 in this study (Mutoh et al., 1998) . It is interesting to point out that the myogenic bHLH MyoD is able to interact with ~300 via its bHLH domain and its N-terminal activation domain (Puri et al., 1997; Sartorelli et al., 1999 ). Thus, it is possible that, depending on the system or context used, different interaction domains of BETA2 are important. Additionally, the transcriptional ability of BETA2 may be enhanced by its heterodimerization with a partner able to interact with the p300/CBP family of coactivators. Finally, most of the activation studies have been performed using transient transfection assays and artificially high amounts of bHLH or Gal4 fusion proteins and may not entirely recapitulate the in vivo environment. This is reflected by some lack of consistency in the reported data between various groups and further analysis is required to clarify the discrepancies.
III. Physiological Functions of BETA2
A. BETA2 AND PANCREAS BETA2 is expressed in both the developing and adult pancreas. In mature islet, BETA2 is expressed in all endocrine cells, making the name BETA2 somewhat misleading. The exact function of BETA2 in the mature islet is unknown. BETA2 is involved in regulation of insulin and glucagon genes. However, this function does not appear to be a major one, since mutant mice lacking the BETA2 gene still are able to express insulin and glucagon in the pancreas (see below). In 6 and PP cells, the role of BETA2 remains unknown. During embryonic development, the expression pattern of BETA2 is best visualized by X-gal staining as an assay for the enzymatic activity of P-galactosidase resulting from the replacement of the coding region of the murine BETA2 gene by the bacterial LacZ gene. When such an approach is used, the activity of the endogenous BETA2 gene can be monitored in heterozygous mice. To the best of our knowledge, the staining pattern detected by X-gal appears to reflect the endogenous BETA2 expression pattern. The BETA2 gene is expressed very early during pancreas ontogeny. It is detected at e9.5 in the pancreatic primordia in glucagon-expressing cells, suggesting that BETA2 is expressed in early precursor cells. At e12.5, BETA2 is found in both dorsal and ventral pancreatic buds. By e14.5, BETA2 is expressed in ductal epithelial cells and in the small population of glucagon-producing cells that are budding from the duct. At e17.5, BETA2 mainly is expressed in small clusters of endocrine cells and rarely in ductal epithelial cells. Such expression pattern suggests a role for BETA2 in the terminal differentiation of endocrine cells, consistent with its proposed role in the terminal differentiation of neurons (see below).
B. BETA2 KNOCKOUT MODEL
In order to study the role of BETA2 in the pancreas, a mouse knockout model was generated . Homozygous BETA2-'-newborns appear to be malnourished and dehydrated and died within 5 days of birth. Mutant pups are hyperglycemic, when compared to age-matched wild-type or heterozygote littermates; mutants show ketonuria, suggesting severe diabetes. Close examination of homozygous BETA2 null mice indicates a striking reduction in the number of islet cells, especially p cells (25 percent of the wild type). In addition, analysis of newborn pancreata of mutant mice reveals a drastic reduction of endocrine a cells as well as a failure of residual endocrine cells to aggregate into mature islets suggesting that BETA2 is essential for the morphogenesis of pancreatic islets.
Further examination of embryos indicates that the defect in BETA2-/-animals occurs after e14.5. Prior to e14.5, the number of BETA2-expressing cells in the developing pancreas is similar between heterozygote and BETA2-'-animals. E14.5 is an important threshold in pancreas development in mice. It marks the beginning of the second wave of endocrine cell differentiation, which is believed to generate the majority of endocrine cells. Thus, in the absence of BETA2, endocrine precursor cells do not massively differentiate and instead undergo programmed cell death. The pancreata of e 17.5 null mutants have a profound decrease in endocrine cell numbers and fail to form islets. It is also important to point out that insulin is still expressed in the BETA2-'-pancreas, suggesting the lack of requirement of BETA2 for insulin gene expression. Alternatively, other bHLH proteins, known or novel, could compensate for the lack of BETA2 and play a role in transcription of the insulin gene. Furthermore, transcription factors such as PDXl (which is unaffected by the absence of BETA2) could be sufficient to regulate the insulin gene.
In the transgenic model of overexpression of BETA2 in the pancreas, a moderate increase in endocrine cells is observed in the developing pancreas (Schwitzgebel et al., 2000) . This suggests a role of BETA2 in endocrine cell differentiation. A more-severe phenotype is observed when NGN3 is overex-pressed in the pancreas (Apelqvist et al., 1999; Schwitzgebel et al., 2000) . In this case, one observes a hypoplastic pancreas likely due to premature differentiation of endocrine precursor cells. On one hand, the more-severe phenotype of NGN3 overexpression, compared to BETA2 overexpression, suggests that NGN3 is an upstream regulator of BETA2. On the other hand, it indicates that NGN3 is likely to regulate genes other than BETA2. Overall, these results demonstrate that a tight regulation of bHLH expression is required for normal pancreas development.
C. BETA2 AND DIABETES
Several transcription factors important for the development and functioning of /3 cells have been identified as the factors responsible for maturity-onset diabetes of the young (MODY). These include the HNFlcx, -1 p, and -4a for MODY 1, 3, and 5, respectively, and the homeobox protein PDXl for MODY4 (Horikawa et al., 1997; Stoffers et al., 1997; Yamagata et al., 1996a Yamagata et al., ,1996b . The BETA2 gene is located on chromosome 2q32 in humans, a region to which the insulin-dependent diabetes 7 (IDDM7) locus has been assigned (Owerbach et al., 1997) . Different groups have identified five DNA polymorphisms at this locus (Table I ). The most-common polymorphism is a mutation that results in an alanine-to-threonine conversion at position 45 (A45T) and is linked to type I diabetes in Japanese and Danish populations (Hansen et al., 2000; Iwata et al., 1999) but is not in American and French populations (DuPont et al., 1999; Malecki et al., 1999; Owerbach et al., 1997) . Interestingly, two others mutations -arginine 111 to leucine (Rl 11L) in the DNA binding domain and an insertion of a cytosine residue in a poly C tract at codon 206 (histidine), resulting in a frame shift premature termination at amino acid 242 (H206+C) -have been linked to type 2 diabetes in American population in the heterozygous state (Malecki et al., 1999) . The RI 11 L mutation has no DNA binding activity, whereas the H206+C mutation retains its DNA binding ability but is unable to interact with the coactivator ~300. The clinical profile indicates that the H206+C mutation is more severe than the R 111 L mutation in the heterozygous state. This suggests that the H206+C could be acting in a dominant-negative fashion by interacting with class A bHLH on DNA but is unable to activate transcription of target genes. In contrast, the RI 11L mutant is unable to interact with DNA but could heterodimerize with class A partner(s) or squelch important co-regulators of the remaining functional BETA2 protein, thus partially affecting the function of the wild-type BETA2.
D. INTESTINE
BETA2 also is expressed in all enteroendocrine cells of the diffuse neuroendocrine system of the gut (Rindi et al., 1999) . However, in the absence of BETA2, only secretin-and CCK-expressing enteroendocrine cells are absent (Mutoh et al., The most-common one is an alanine to threonine at codon 45 (A45T), which is present in all the ethnic populations studied. This A45T mutation is linked to type I diabetes in Japanese and Danish populations but not in French or American populations. Two mutations in the BETA2 protein are linked to type II diabetes (Rl IL and H206+C) 1998; Naya et al., 1997). All other enteroendocrine hormones (i.e., gastrin inhibitory peptide, substance P, glucagon-like peptides, peptide YY, serotonin, somatostatin) are present. This suggests that BETA2 is a marker for enteroendocrine cells but is only required for the terminal differentiation of secretin-and CCKproducing cells and/or the expression of these genes in enteroendocrine cells. These results concur with the observation that secretin and CCK cells might arise from a common progenitor (Rindi et al., 1999) . In addition, the absence of these two pancreatic secretagogues may explain the inability of pancreatic acinar exocrine cells to secrete zymogen granules in BETA2 mutant animals . Additional transcription factors likely are required for the differentiation of the enteroendocrine cell types observed in the gut epithelium. E. BRAIN Although this review is not focused on the brain, understanding BETA2 function requires the discussion of its role in neuronal physiology. In general, BETA2 is expressed throughout neuronal development, mostly in terminally differentiating neurons (Lee et al., 1995,200O; Liu et al., 2000b; Naya et al., 1997) .
During development, BETA2 is first detected around e8 in neuronal epithelium. At e9.5, high expression is observed in the developing trigeminal ganglia. At ell.5, strong expression is observed in the cranial ganglia (V to XI), the dorsal root ganglia, and spinal cord. BETA2 is not detected in the mitotically active ventricular zone in the cerebral cortex but rather adjacent to it. BETA2 is also detected in differentiating neurons of the nasal epithelium and the retina. At e14.5, the expression of BETA2 is turned off in cranial ganglia-and dorsal root gangliadifferentiated neurons. This suggests that BETA2 plays a role in the initiation of terminal differentiation of certain neurons. By e18.5, there is a general decrease of BETA2 expression throughout the brain, with the exception of the granule cells in the cerebellum and dentate gyrus, where an increase in expression is observed due to the differentiation of precursor cells into granule cells. In adult mice, BETA2 is expressed in the olfactory bulb, hippocampus, cerebellum, and pituitary gland. This expression is indicative of another function of BETA2 in fully differentiated neurons.
As mentioned previously, BETA2 null mutants are not viable in a mixed C57B6/129SvEv background but when they are crossed into a pure 129SvJ background, approximately 40-65 percent of the mutant animals survive (Liu et al., 2000a) . This possibly is due to the presence of a modifier gene related to BETA2. The rescue of the BETA2 null mutant allowed our group to study the role of BETA2 in postnatal neuronal development, especially granule cells of the dentate gyrus and cerebellum (Liu et al., 2000a) .
F. DENTATE GYRUS
In the hippocampus, BETA2 is expressed in the Ammon's horn and granule cells of the dentate gyrus in adult mice. Granule cells are generated in two phases during dentate gyrus development. The first phase occurs during embryogenesis, when granule cells appear at the ventricular surface of the neuroepithelium and migrate in conjunction with the precursor cells to the dentate anlage. The second wave of granule cells that will account for the majority of the hippocampus granule cells is generated postnatally from precursor cells that migrate from the ventricular zone to the dentate anlage. Interestingly, in addition to differentiated granule cells, BETA2 expression was observed in a few mitotic cells of the dentate gyrus as revealed by BrdU labeling (Lee et al., 2000; Liu et al., 2000a; Miyata et al., 1999) . The presence of BETA2 in BrdU-positive cells could be explained by their recent exit from the cell cycle and an early onset of BETA2 expression. In the absence of BETA2, granule and progenitor cells are decreased such that the later events in development of the dentate gyms is greatly affected. BETA2 may be required for the specification of an early subpopulation of granule cells that then organizes the dentate granule cell layer and regulates birth of additional granule cells, independent of continued BETA2 function. Thus, the role of BETA2 in the dentate gyrus appears complex, involving the maintenance or survival of precursor cells and the terminal differentiation of granule cells.
G. CEREBELLUM
As in the dentate gyrus, there is a defect in granule cells in the cerebellum. This is not surprising, since the granule cells of the cerebellum share similar developmental characteristics with those of the dentate gyrus (Altman, 1967) . During development, BETA2 is expressed in the inner layer of the external granular layer (EGL), where postmitotic cells are located. Beginning at birth, granule cell precursors proliferate and differentiate into granule cells. As in the hippocampus, BETA2 is detected in both mitotic and postmitotic cells of the EGL in the postnatal cerebellum. Additionally, BETA2 is required for terminal differentiation of granule cells, since its absence leads to a decrease in granule cell number (M. Liu and M.J. Tsai, personal observations; Miyata et al., 1999) . The effect is more severe in the posterior lobules (V to XI) than in the anterior lobules of the cerebellum. The presence of surviving granule cells suggests a possible compensatory mechanism by other bHLHs, such as NeuroD2 or Nex l/Math2, that also are expressed in the cerebellum. We are currently studying the mechanism of the differential depletion of granule cells that occurs between the anterior and posterior cerebellum.
H. RETINA
In adult mice, BETA2 expression is detected in the outer nuclear layer of the central retina and in all layers (i.e., outer and inner) of the more-peripheral retina (M. Liu and M.J. Tsai, personal observations; Morrow et al., 1999) . In the retina, BETA2 likely plays a role in glial vs. neuronal cell fate determination. In the absence of BETA2, one observes an increase in Mtiller glial cells (Morrow et al., 1999) . In a gain-of-function experiment, overexpression of BETA2 in postnatal retina resulted in a complete blockade of Mtiller glial cell development. In addition, BETA2 plays a role in intemeuron development, determining the ratio between amacrine and bipolar neurons (Morrow et al., 1999) . Finally, BETA2 is implicated in the survival of a subset of rod photoreceptor cells (Morrow et al., 1999) . These recent findings broaden our view of BETA2 function and suggest that it can have an active role in cell fate determination.
I. IN VITRO
In vitro, BETA2 can induce terminal differentiation of cell lines (P19, PC12, and Fl 1) when transfected (Cho et al., 2000; Farah et al., 2000; Noma et al., 1999) . When a mutant of BETA2 lacking the C-terminal activation domain is introduced in Fl 1 neuroblastoma cells, differentiation induced by CAMP is inhibited (Cho et al., 2000) . This implies that this truncated molecule harbors a dominant-negative function. BETA2 also can induce transdifferentiation of retinal pigment epithelium into cells that resembles young photoreceptors Wang, 2000a,2000b) . Furthermore, using retina explant cultures derived from rat or mouse, it was shown that BETA2 plays multiple functions in cell fate determination and differentiation as well as survival of various retinal cell types (Morrow et al., 1999) . Overall, the role of BETA2 in neuronal development appears complex and dependent on the system being studied. These results also implicate BETA2 in cell fate determination, differentiation, and neuronal survival.
IV. Regulation of BETA2
BETA2 expression pattern and timing indicate that it plays important functions in differentiation. NGNl expression spatially overlaps and temporally precedes that of BETA2 during neuronal development (Fode et al., 1998; Ma et al., 1998 Ma et al., ,1999 Sommer et al., 1996) . In addition, ectopic overexpression of NGN 1 induces BETA2 gene expression and neurogenesis in Xenopus ectoderm Pen-on et al., 1999) . In order to analyze further the regulation of BETA2 expression, we have cloned the murine BETA2 promoter and shown its regulation by bHLH proteins in transient transfection assays . NGN3 was shown to stimulate the activity of the BETA2 promoter in HIT, P-TC, and Hela cells. NGN3 and BETA2 expression patterns also partially overlap in the developing pancreas, suggesting that the regulation observed in vitro might exist in vivo . Indeed, injection of NGN3 mRNA into Xenopus embryo causes ectopic expression of BETA2 in the trunk and an abnormal expansion of its expression in the head region . The neurogenin family of transcription factors generally is regarded as playing roles in neuronal determination. The NGN 1 and NGN2 genes are important in the determination of selected neurons; their absence has revealed a block at the earliest stages of neurogenesis in complementary sets of cranial sensory ganglia (Fode et al., 1998,200O; Ma et al., 1998 Ma et al., ,1999 .
Alignment of the mouse and human BETA2 promoters reveals strong conservation of the two promoters over about two kilobases. The first 400 bp of the promoters are particularly well conserved. Within this region, three E-boxes and two Spl sites were identified as putative DNA response elements Miyachi et al., 1999; Yoon et al., 1998) . Promoter deletion analysis has revealed the presence of a proximal DNA element required for basal activity in BETA2-expressing cells such as p-TC, HIT, and P-HC3 Miyachi et al., 1999; Yoon et al., 1998) . Deletion of the three proximal E-boxes greatly affects basal promoter activity, suggesting a potential role for a bHLH protein in the regulation of BETA2 . In transient transfection assays, NGN3 and BETA2 upregulate a BETA2 promoter-luciferase construct . While the regulation of BETA2 by NGN3 observed in transient transfection assays is likely to be of physiological importance, the autoregulation of the BETA2 gene and its importance for developing and adult islets is less clear. This awaits the generation of a tissue-specific knockout of the BETA2 locus in islet cells. Finally, a more-detailed analysis of the BETA2 promoter is required for a full understanding of the regulation of the tissue-specific expression of the BETA2 gene.
V. Summary
The development of the pancreas is a very complex process, The discovery of transcription factors is a first step toward a better understanding of the genetic program responsible for the activation or repression of the genes necessary for the developmental process, In turn, the identification of the genes targeted by these transcription factors (e.g., other transcription factors, growth factors and their receptors, extracellular matrix components, modifying proteins, signaling molecules) will broaden our views of pancreatic development and diabetes. In this regard, we believe that the BETA2 knockout mouse is an attractive and interesting model for the identification of important regulators of endocrine cell development.
From the analysis of the BETA2 knockout mouse, it was shown that BETA2 is needed for the proper formation of pancreatic islets. Its expression pattern and functional analysis assigns to BETA2 a key role in the terminal differentiation of pancreatic endocrine cells. In its absence, endocrine cells are decreased in number due to increase in programmed cell death and a failure of these cells to aggregate into islets.
BETA2 also is expressed in various regions of the central nervous system. There, BETA2 is similarly involved in terminal differentiation of granule cells of the dentate gyrus and cerebellum. In addition to its established role in differentiation, BETA2 appears to play a role in maintenance and survival of granule cell progenitors in these structures and in cell fate determination in the retina. The expression of BETA2 in adult neuronal and pancreatic endocrine tissues suggests a role different from the differentiation function played during development. Interestingly, BETA2 expression decreases with age in the hippocampus but not in the cerebellum in adult mice (Uittenbogaard and Chiaramello, 2000) . The significance of this age-related downregulation is unknown but may contribute to nemodegenerative diseases in the elderly. Finally, we have recent evidence for an additional role for BETA2 in ear development (Liu et al., 2000b) . The observed phenotype has been attributed to defects in the delamination of the cochlear-vestibular ganglion neurons and in the differentiation and patterning of the sensory cochlear epithelium. Finally, it would be interesting to evaluate whether the BETA2 mutations that have been linked to diabetes in some populations (Hansen et al., 2000; Iwata et al., 1999; Malecki et al., 1999 ) affect other aspects of BETA2 physiology, including the development and functions of the hippocampus, cerebellum, retina, and ear, which might be associated with behavioral or perceptional deficits (Liu et al., 2000a (Liu et al., ,2000b Miyata et al., 1999) .
